Abstract-Fluorescence imaging in neurosurgery has a long historical development, with various biomarkers and biochemical agents being used, and numerous technological approaches. This review focuses on contrast agents, summarizing endogenous fluorescence, exogenously stimulated fluorescence, and exogenous contrast agents, and then on tools used for imaging. It ends with a summary of key clinical trials that lead to consensus studies. The practical utility of protoporphyrin IX (PpIX) as stimulated by administration of δ-aminolevulinic acid has had substantial pilot clinical studies and basic science research completed. Recently, multicenter clinical trials using PpIX fluorescence to guide resection have shown efficacy for improved short-term survival. Exogenous agents are being developed and tested preclinically, and hopefully hold the potential for long-term survival benefit if they provide additional capabilities for resection of microinvasive disease or certain tumor subtypes that do not produce PpIX or help delineate low-grade tumors. The range of technologies used for measurement and imaging varies widely, with most clinical trials being carried out with either point probes or modified surgical microscopes. Currently, optimized probe approaches are showing efficacy in clinical trials, and fully commercialized imaging systems are emerging, which will clearly help to lead adoption into neurosurgical practice.
of normally functioning brain tissue. Fluorescence imaging of brain tumor tissue during resection has been extensively studied as a potential tool to help the neurosurgeon in this process. Although the in vivo use of fluorescence in brain tumors dates back to 1948, when Moore reported using fluorescein to image 46 patients with brain tumors [1] , it was not until the last decade when a rebirth of this technology took hold in a more widespread manner. Much of the real-time intraoperative work has been done by neurosurgeons in Germany and Japan, taking advantage of aminolevulinic acid (ALA) induced protoporphyrin IX (PpIX) fluorescence or fluorescein fluorescence-guided resection (FGR) of brain tumors. In general, there are three major technological fronts using fluorescence for brain tumor imaging, which can be separated into studies that use: 1) endogenous autofluorescence; 2) exogenous agents that are in routine human use (e.g., ALA-PpIX, fluorescein, indocyanine green); 3) exogenous agents developed as first-time use in humans, with molecular targeting potential. In the use of these fluorescent biochemical probes, tumors have been visualized using different types of technologies as well, including: 1) in vivo fluorescence microscopy; 2) point spectroscopic tools for imaging one region at a time; 3) modified surgical microscopes or laboratory grade standalone systems; 4) commercial systems with built-in fluorescence channels; 5) combination systems that integrate fluorescence with spatial imaging. Recently, the major multicenter clinical efforts have used fluorescence characteristics of brain tumors stimulated through the ALA-PpIX system. Each of these biochemical and technological approaches is discussed in this review. Unfortunately, the different biochemical approaches are intermingled with the different technological approaches, so in this review, we focus more on the biochemical choices and outline the technology used in each case, where appropriate. At the end, we comment on the different technologies used and how they may be adopted.
II. BIOCHEMICAL IMAGING AGENTS

A. Endogenous Fluorescence
Endogenous fluorescence signals from tissue have been extensively studied for brain tumor demarcation and surgical guidance. With this approach, the patient would not require administration of any exogenous drug avoiding medical complications (e.g., allergic reactions, increased liver function tests, etc.), and the procedure is easily implemented. Nonetheless, this approach is still in a pilot study analysis phase. Endogenous autofluorescence still requires postoperative data analysis, slightly longer acquisition times (e.g., 30 s), and systems are not mainstreamed for real-time neurosurgical applications.
Measurement of endogenous fluorescence signals to assess tissue dysfunction was developed in the late 1980s and early 1990s with the advent of accessible UV lasers and fibers to sample tissue. Dozens of papers examined the potential in cardiac applications, endoscopy [2] , and gynecology [3] , using blue and UV light excitation and looking at emission spectra in the blue-green wavelengths. These signals are largely attributed to collagen, nicotinamide adenine dinucleotide (NADH), and flavin adenine dinucleotide (FAD) [4] , although identification of the causative nature of the spectra in these layered tissues was a subject of ongoing studies for a decade beyond their initial identification [5] , [6] . The confounding effects of tissue layers, light scatter, and blood absorption combine to make the spectra harder to interpret. The application of fluorescence measurement in the study of glioma tumors was interestingly predated by most of the exogenous dye studies (as discussed in Section II-C). In vitro pilot measurements with time-resolved fluorescence showed similar values [7] to that with fluorescence spectroscopy.
Perhaps the most complete in vivo study included both autofluorescence spectral information and white light diffuse reflectance spectroscopy for characterization of tumors [8] , [9] . In this pilot study on 26 patients, a fiber probe was used intraoperatively. Sequential acquisition of background, fluorescence emission at 337 nm excitation, and diffuse reflectance spectra were followed by biopsy of sampled sites. Discrimination algorithms were used to distinguish infiltrating tumor margins from normal brain tissue with 100% sensitivity and 76% specificity [8] . In a subsequent study on 24 patients with low-and high-grade gliomas, they reported sensitivities and specificities of 80% and 89%, respectively, for differentiating solid tumor from normal tissue, and 94% and 93%, respectively, for infiltrating tumor margins from normal tissue. This system took approximately 30 s to acquire data, with processing done postoperatively. The authors predict that future versions will take less time for acquisition (<5 s) and provide real-time feedback for intraoperative guidance [9] . Similar to the work done by the Marcu group, this study took into consideration other optical properties in addition to autofluorescence spectral differences to develop a real-time system for delineation of brain tumor margins and neurosurgical guidance.
B. Protoporphyrin IX
The ALA-PpIX system has been studied extensively for applications in photodynamic therapy (PDT) and photodiagnosis as well as other fluorescence imaging applications [10] , [11] , including FGR of brain tumors. Administration of ALA overloads the heme synthesis pathway, which exists in all mammalian cells, and fluorescently detectable levels of PpIX are produced in varying degrees [10] , [12] , [13] . It is generally the case that the tumor tissue produces higher levels of PpIX than the surrounding normal tissue, and a significant difference in PpIX production has been found in brain tumor tissues over normal brain [14] - [17] . However, different preclinical brain tumor models have been studied and found to have varied PpIX accumulation patterns, making some models more useful for study than others [18] .
Interest in ALA-PpIX production for applications in oncology has significantly increased over the past 30 years, with a seminal review paper on this subject published by Kennedy et al. [11] . ALA-induced PpIX has been extensively investigated as a photosensitizer for PDT in the treatment of many types of cancer. ALA-induced PpIX has found widespread use in dermatology to treat various malignant and nonmalignant skin conditions [19] , [20] . ALA-induced PpIX PDT treatment has been found to be most successful for cancers of hollow organs where the cancerous cells proliferate on the wall of the organ, as opposed to tumors that grow in solid masses, mainly because of the ease of use in topical applications and also because of the high specificity that can be observed in abnormal squamous tissues. PpIX-based PDT for bladder carcinoma, Barrett's esophagus, colon carcinoma as well as others have been investigated [13] , [21] .
Due in large part to its success as a tumor margin demarcation tool in neurosurgical resection of human gliomas, a large body of research on ALA-induced PpIX fluorescence of brain tumor cells and tissue currently exists. Conventional therapy for malignant glioma involves surgical resection, fractionated radiotherapy, and adjuvant chemotherapy to eradicate the tumor tissue, which may remain following attempted surgical resection [22] , [23] . The infiltrative nature of glioma tumors makes them very difficult to fully resect. However, survival following treatment is linked to completeness of tumor removal [24] .
Use of the ALA-PpIX system has been very successful for surgical guidance of brain tumor resection [16] , [17] . Preclinical rabbit models were used to test PpIX fluorescence for surgical guidance of brain tumor resection, and found to increase the completeness of tumor resection by a factor of 1.4 and decrease the amount of residual tumor by a factor of 16 from the initial tumor volume [14] . Significant success was also seen in the clinic using ALA-PpIX for fluorescence-guided surgery of malignant glioma resection [16] . In a randomized phase III multicenter clinical trial using ALA-induced PpIX fluorescence as the tumor tissue contrast agent for neurosurgical guidance, tumor tissue was more completely resected and 6-month progression-free survival was extended [17] .
1) PpIX Biochemical Production Mechanisms: ALA is a prodrug that is converted to PpIX via the heme synthesis pathway (Fig. 1) . Low levels of PpIX exist normally in cells prior to its conversion to heme; however, the pathway can be overloaded with exogenous ALA producing fluorescently detectable levels of PpIX [11] , [13] , [21] , [25] . PpIX production from ALA is widely variable, and it has been shown to be dependent on many factors including ALA uptake and PpIX excretion, morphological features of the cells, and tissues as well as the cell microenviroment.
The cause of excess PpIX production in neoplastic cells endogenously and after exogenous ALA administration is much debated. The rate-limiting enzyme in the heme synthesis pathway is ALA synthase, which catalyzes the reaction between glycine and succinyl-CoA to produce endogenous ALA. ALA synthase is subject to feedback inhibition by the build up of heme in the system, and thus, ALA is produced only when heme levels are low; however, the addition of exogenous ALA bypasses this enzyme and hence the rate-limiting step. A large body of research on this topic is compiled in a review by Collaud et al. [12] . Although much of past research points to porphobilinogen deaminase (PBGD) as the rate-limiting enzyme in the ALA-PpIX pathway [13] , [26] , recent research suggests that PBGD may play a minor role in the accumulation of PpIX in vitro [27] - [29] . Additionally, it has been suggested that ALAdehydratase, which converts ALA to porphobilinogen, may act as the rate-limiting step as its inhibition causes decreased PpIX production [30] . Moreover, the ferrochelatase enzyme that catalyzes the insertion of iron to convert PpIX to heme is considered to have decreased activity in neoplastic cells, allowing selective accumulation of PpIX in these cells [13] , [31] . The importance of PpIX conversion to heme can also be demonstrated via the use of iron chelators, which increase PpIX production when administered to cells in vitro [32] , [33] . Still, other studies suggest that coproporphyrinogen oxidase may be a rate-limiting enzyme [34] .
2) PpIX Production Variability: The relationships between ALA uptake, PpIX efflux, cellular microenvironment, and PpIX cellular content are both complicated and highly variable between cell lines. Studies using exogenously administered radiocarbon-labeled ALA demonstrated that the mechanism of uptake was through passive diffusion [35] . Other studies suggested that there may be two mechanisms by which ALA is transported into the cells. Passive diffusion is important at short ALA incubation time intervals, while active transport systems may be more important at longer incubation intervals [36] , [37] . It was found that both neoplastic and nonneoplastic cells had significantly reduced intracellular PpIX concentrations when incubated in media containing serum, as compared to serum-free media, suggesting that the extracellular environment can also play a role in PpIX production [38] . Many environmental factors have also been found to affect PpIX production in vitro and are summarized in Table I .
Cellular mitochondrial contents have also been studied in conjunction with PpIX production. Gibson et al. demonstrated that varied PpIX production following administration of ALA was correlated to the number of mitochondria in each cell lines [31] . Liang et al. used fluorescence microscopy to examine the subcellular localization of ALA-induced PpIX and found that the resulting fluorescence was localized in the mitochondria-rich perinuclear cytoplasm [39] . Additionally, cell size has been found to have a slight positive correlation to PpIX production [40] . In a study completed by Gibbs et al., it was found that endogenous PpIX production was positively correlated with mitochondrial content and exogenous PpIX with cell size, but not mitochondrial content [41] .
3) PpIX Production Enhancement: Two main strategies have been developed to increase ALA-induced PpIX production by altering enzymatic function in the heme synthesis pathway: differentiation therapy and iron chelation [34] , [42] - [44] . Differentiation therapies (including methotrexate, retinoic acid, and vitamin D) have been shown to increase PpIX accumulation in prostate cancer cells and kerotinocytes [34] , [43] , [45] , [46] . Differentiation therapy was shown to increase cellular PpIX production as well as reduce the fraction of cells that contained low PpIX levels [45] . A possible explanation for this is an increase in the enzyme coproporphyrinogen oxidase at the mRNA and protein levels [34] , [43] . In contrast, the apparent concentration of PpIX can be increased using iron chelators. In this scenario, the availability of iron is diminished, reducing the activity of ferrochelatase and subsequently decreasing the conversion of PpIX to heme. Various iron chelators have been investigated, including CP94 (1,2-diethyl-3-hydroxypyridin-4-one hydrochloride) and L1 (1,2-dimethyl-3-hydroxy-4-pyridone) desferrioxamine [33] , [41] , [42] , [47] . These iron chelators have been shown to successfully sequester iron from ferrochelatase and increase apparent PpIX levels. Specifically, the use of L1 was tested in a series of neoplastic cell lines, and it was found that iron chelation had the most profound effect on cells that naturally produced low levels of PpIX [41] . Additionally, CP94 is currently in clinical trial to increase PpIX content of basal cell carinoma for PDT. It was shown that enhancements in tumor reduction were observed when patients received both ALA and CP94 [44] ; thus, iron chelation and cellular differentiation appear to be viable methods to increase PpIX production without increasing administered ALA dose.
III. EXOGENOUS CONTRAST AGENTS
For maximal success in brain tumor imaging, an exogenous fluorescent molecule or probe should have the following properties.
1) Be selective for and retained in the tumor while rapidly cleared from normal tissue or filtered by the blood-brain barrier (BBB).
2) The emission wavelength has a high transmission within the tissue (low absorption and scatter from tissue). 3) Minimal photobleaching. 4) Does not cause adverse toxicity or phototoxicity effects systemically or locally within the tissue of interest [53] . This section will provide an overview of fluorescence molecules currently used in both animal and human brain tumor imaging (diagnosis, therapeutic monitoring, etc.) and guidance of surgical resection.
A. Organic Fluorescence Molecules
Small, organic molecules that are fluorescent in either the visible or near infrared (NIR) regions of the electromagnetic spectrum make good candidates for tumor visualization. Breakdown of the BBB is mainly responsible for the delivery of these small exogenous molecules to brain tumors. The molecules are retained within tumor tissue as a result of slow clearance caused by an increase in blood flow and leakage, and a decrease in lymphatic drainage, i.e., the enhanced permeability and retention (EPR) effect. The EPR effect is responsible for increased delivery to tumors of agents administered by intravenous injection and often exploited, especially in the case of brain tumors [54] .
1) Fluorescein Sodium: Fluorescein sodium has been extensively used for FGR of human brain tumors. Fluorescein sodium is a small organic molecular salt (MW 376) with an excitation maximum of 494 nm, an emission maximum of 521 nm at a pH of 8, and a urine clearance of 24-32 h when injected intraveneously. Fluorescein sodium was first reported as a tool for surgical resection of brain tumors in 1948 by Moore [1] , and has regained popularity in the past several decades. The most recent reports have used the technique of Moore by simply monitoring a combination of the fluorescein sodium staining and fluorescence (appearing as a combination of yellow-green color) of the brain tumor under white light [1] , [55] - [59] . This technique is advantageous because it is safe, easy to perform, can be utilized in a dimly lit operating room, and there is no need for extra surgical equipment. In 1998, Kuroiwa et al. developed an intraoperative microscope that enhanced both the observed fluorescence intensity and the tumor-to-normal contrast, allowing more precise delineation of tumor margins [60] . However, this intraoperative microscopy is not readily used today because it requires excess equipment and surgical maneuvering. One thing to note is that fluorescein can have deleterious side effects, especially if injected quickly or in a very high concentration [61] .
2) Indocyanine Green: Indocyanine green (ICG), or Cardio Green, is a small water-soluble organic molecule (MW 744 g/mol) commonly used in angiography as well as to probe cardiac and liver function. The Berger group demonstrated ICG staining of tumor tissue using an orthotopic rat glioma model [62] . It was shown that the observed colored demarcation caused by ICG staining of the tumor tissue coincided within 1 mm of the histological tumor margins. However, these results were obtained with ICG doses exceeding the LD-50 for rats. It was later shown that lower doses of ICG could be used in both rats and humans with the implementation of enhanced optical imaging: a technique of subtracting reflectance images pre-and post-ICG administration to enhance staining visibility [63] , [64] . More recently, the bradykinin analog RMP-7 has been used to increase the permeability of the tumor vasculature prior to ICG administration, thus maximizing the EPR effect and effectively increasing the amount of ICG delivered to the tumor tissue [65] . It should be noted that the tissue staining in these cases do not require the use of the ICG fluorescence properties, but simply the color staining of the tissue. However, the NIR properties of ICG fluorescence emission would make this a good candidate for fluorescence-guided surgical resections.
IV. NANOPARTICLES
The term nanoparticle broadly describes any organic or inorganic material-based particle of nanometer size, and generally, unique properties of the particle arise due to size restrictions. In general, nanoparticles can be functionalized and used as multimodality contrast agents a variety of imaging techniques (optical, MRI, etc.), tissue targeting, drug therapy, and size distribution. This section investigates the most common types of nanoparticles used in brain tumor imaging, while the next section will cover functionalization for delivery and tissue targeting.
A. Quantum Dots
Quantum dots (QDs) are nanoparticles constructed from semiconducting nanocrystals and have various advantageous optical properties [66] , [67] . The emission wavelength is tunable based on the diameter of the nanocrystal and displays very bright, stable fluorescence. The emission bandwidth is very narrow while the excitation bands are broad, allowing excitation with a wide variety of laser and light sources. QDs are generally hydrophobic and therefore require a wide variety of surface functionalization in order to render them soluble in biologically relevant solvents, e.g., polyethylene glycol (PEG), lipids, and dextrans [68] . These surface modifications are not used for targeting but have added benefit for passive targeting. Unless the QD is specifically labeled for targeting, the general mechanism for entry into a cell is through phagocytosis by the reticuloendothelial system-specifically through monocytes or macrophages [68] . Within the last several years, there have been many examples of QDs used for the determination of tumor boundaries using both passive [68] , [69] and targeted delivery methods. [70] - [72] . Although QDs provide very high contrast and tumor localization, the largest drawback to their use is that the long-term effects of QD administration are generally unknown and strongly debated as clearance from both tissue and body is an important factor in toxicity [73] . In 2007, Choi et al. demonstrated that QDs with a hydrodynamic radii less than 5.5 nm were rapidly cleared by the renal system; meanwhile, functionalized QDs with hydrodynamic radii larger than 5.5 nm were not [74] . These results suggest that care should be taken in the long-term effects of QDs retained within the body.
B. Polymer-Based Nanoparticles
Polyamidoamine dendrimers are nanoparticles consisting of many branched polymer chains that can be functionalized with imaging, targeted delivery, and therapeutic agents [75] . Sarin et al. functionalized these dendrimer nanoparticles with rhodamine B and gadolinium such that in vivo MRI and ex vivo fluorescence imaging could be performed on rats [75] . Although this experiment was performed to test the BBB size exclusion limit (discussed further in Section V-A), these nanoparticles could be easily functionalized for diagnostic-or surgical-based fluorescence detection. Polyacrylamide nanoparticles can be loaded with a variety of organic dyes or inorganic materials and functionalized for targeted delivery [76] . Recently, Orringer et al. demonstrated that these nanoparticles could be loaded with a variety of small organic molecules (methylene blue, Coomassie blue, or indocyanine green) to cause a color change in the brain tumor tissue when reducing the cytotoxic effects of these molecules [76] . Although the fluorescent properties of these molecules were not utilized, it can be imagined that this could be easily implemented.
C. Iron Oxide Nanoparticles
Iron oxide nanoparticles below 30 nm in diameter are superparamagentic and have been extensively used in tumor targeting, both for imaging and therapy [77] . In a standard MRI T2 imaging sequence, the superparamagnetic iron oxide nanoparticles provide negative contrast when simultaneously being used as a therapeutic or targeting agent. [78] Nanoparticles of 10-100 nm in diameter are too large to undergo renal elimination and as such have long blood half-lives [79] . Functionalization can be performed to produce nanoparticles with passive targeting abilities (reticuloendothelial-cell-mediated phagocytosis), active targeting abilities (ligand-receptor-mediated or other biomarkers), and fluorescence properties for optical imaging [80] . CLIOCy5.5 is an iron oxide nanoparticle that has been developed as a preoperative MRI agent and an intraoperative fluorescence probe [79] , [81] . CLIO-Cy5.5 is coated in cross-linked dextran and then covalently linked to Cy5.5 [79] . It has been found that the CLIO-Cy5.5 marker provides accurate demarcation of the tumor margin and a strong colocalization of MR images and intraoperative fluorescence, since both signals are produced from the same particle [79] , [81] . Another similar particle has been reported in which iron oxide nanoparticles are coated in PEG, and then covalently linked to Cy5.5 for optical imaging and chlorotoxin for cellular targeting [82] - [84] .
V. DELIVERY METHODS
The BBB prohibits the infiltration of most foreign and endogenous small molecules into the brain. However, a compromised BBB in some brain tumors provides most of the apparent contrast to tumor tissues that can be distinguished radiologically or through fluorescence contrast. Most of the work described here has been in the area of passive delivery, whereas targeted delivery to brain tumors is the area, which will likely provide delineation of microinvasive disease, and radiologically occult lesions [85] .
A. Passive Targeting
Sairn et al. used gadolinium and rhodamine B multifunctionalized dendrimers to test the size exclusion of RG-2 malignant gliomas [75] . They found that functionalized nanoparticles less than 11.9 nm could pass through the BBB of a glioma model, whereas larger particles could not. The size exclusion of the BBB would depend on the extent of BBB breakdown and would most likely progress with tumor infiltration and progression.
Serum albumin makes up 50%-70% of the human plasma protein reserve, and it has been well documented that tumor tissues use serum albumin as a source of amino acids and energy [86] - [88] . Small organic molecules can rapidly bind to serum albumin and other plasma proteins with increased distribution and retention occurring if molecules are labeled prior to administration [62] . Kemer et al. demonstrated the feasibility of using 5-aminofluorescein linked to serum albumin as a fluorescent tumor cell marker by intravenously injecting a C6-glioma [89] . Twenty-four hours after administration of drug, the fluorescence within the tumor was 23-fold higher than that of normal brain tissue with tumor borders sharply demarcated. Successful human clinical trials were performed in both 2000 and 2009 using this system [53] , [89] .
B. Active Targeting
Epidermal growth factor (EGF) and the EGF receptor (EGFR) are known to be upregulated in many types of cancers and correlated with tumor growth and aggressiveness [90] . Small organic molecules and nanoparticles can be conjugated to EGFR-targeting agents to increase both retention of fluorescent molecules and contrast observed between tumor and normal tissue. The two most common ways to target EGFR is by either directly labeling EGF or labeling an anti-EGFR monoclonal antibody (e.g., C225, Erbitux, cetixumab). Extensive work has been performed with the commercially available EGFconjugated IRDye 800CW (EGF-IRDye) from LI-COR Biosciences (Lincoln, NE) [91] , [92] . This dye has been administered to mice bearing one of three tumor lines (9L-GFP, U251, and U251-GFP), and monitored using a variety of in vivo and ex vivo imaging techniques for tumor diagnostics and boundary delineation (see Fig. 2 ) [91] , [92] . Of particular interest, tumors, which were not apparent by contrast MRI (U251-GFP), could be detected optically with the EGF-IRDye adding diagnostic value [91] . Wang et al. coated QDs with anti-EGFR antibodies and found that the targeted QDs localized selectively in tumors expressing EGFR within 30 min of intravenous administration [71] . Additionally, Arndt-Jovin et al. demonstrated that clear demarcation between normal brain and tumor tissue could be observed with QDs labeled with either EGF or anti-EGFR (Her1) in cell culture, mouse models, and human brain-tumor biopsy sections [70] . Although there is advantageous targeting with EGF-bound fluorophores, it must be noted that this only occurs with tumors overexpressing EGF and EGFR. Tumors that have no or low expression of EGFR do not display enhanced contrast when targeted agents such as EFGR-targeted probes are administered [71] . This can reflect the specific biology of the tumor, where some high-grade gliomas (e.g., glioblastoma multiforme) may have high levels of EGF and EGFR, while many low-grade gliomas tend to have minimal levels of the growth factor and receptor [90] .
C. Enzyme Function Targeting
A successful example of enzymatic function targeting is ProSense, a molecular probe that monitors the protease activity in diseased tissues. The intravenously injected probe molecule consists of a polylysine backbone with quenched NIR fluorophores that becomes activated upon cleavage by disease-associated cathepsins, first reported by Weissleder et al. in 1999 [93] . ProSense is now commercially available from VisEn Medical (Bradford, MA) in a 680-nm form (excitation 680 ± 10 nm, emission 700 ± 10 nm) and a 750-nm form (excitation 750 ± 10 nm, emission 780 ± 10 nm), as well as in noncleavable controls. Recently, McCann et al. reported the use of ProSense 680 activated NIR fluorescence probe for the application of fluorescence molecular tomography (FMT) combined with MRI [94] . It was shown that the increase in tumor volume observed with MRI after chemotherapy correlated with underlying histological changes, as reported by the activated ProSense fluorescence signal.
D. Peptide Targeting
Conjugation of small peptides to the surface of nanoparticles is proposed as a promising targeting approach, more so than antibodies or larger proteins, due to the polyvalent interactions that can be achieved between the numerous ligands and receptors on the cell surface [95] . Cai et al. demonstrated that QDs labeled with a three-residue peptide arginine-glycine-aspartic acid (RGD) could target tumor vasculature, specifically binding to integrin α v β 3 , in an U87MG human glioblastoma mouse model [72] . In fact, the QD705-RGD nanoparticle gave better tumor to normal tissue contrast than a Cy5.5-RGD conjugate tested in 2004 by the same group [96] . However, due to its much smaller size, Cy5.5-RGD had much faster localization times and was able to bind to integrins on both vascular and cell surfaces, while the QD705-RGD only bound to vascular surfaces [72] , [96] . Another interesting use of peptide-labeled nanoparticles has been reported from the Zhang group, where a 36-amino-acid chlorotoxin peptide and AlexaFluor 680 were used to label multifunctional iron oxide nanoparticle coated in PEG silane [82] - [84] . Chlorotoxin has both targeting and therapeutic value as an inhibitor of cell invasion [82] . This multifunctional nanoparticle provides a modality for cellular targeting (chlorotoxin), MRI (iron oxide core), FGR (AF680), and potential therapeutic value (chlorotoxin).
VI. INSTRUMENTATION
A. Microscopy In Vivo
Many developments have occurred in the past few decades to bring microscopy to in vivo use. In vivo confocal fluorescence microscopy is now commonly available and routinely used for research applications. Clinical use of microscopy has been largely limited to research trials, where mechanistic information is sought about the origins of uptake or localization [97] . Multiphoton microscopy of the localization and generation of PpIX was examined [98] , with good indication that the approach might provide information on localization, as needed. Now, commercially available in vivo confocal microscopes are available, and while in principle, the use of these could expand, the utility may be limited by the small field of view inherent in microscopy.
B. Fiber Probe Systems
Imaging fiber probes have been demonstrated for several decades now [99] , with endoscopy-type imaging systems now being the standard approach [100] . Although neurosurgical applications tend to focus around the noncontact surgical microscopy instruments that are standard in surgical resection today, the desire for maximum information drives the desire for point sampling probes, which provide better wavelength spectroscopy and usually higher overall sensitivity due to the maximal capture of light [101] . The design of the fiber probe clearly affects the depth of sampling [102] , the tissue sampling volume [103] , and the spatial resolution to which the surgeon can use the information. While early designs have not focused effectively on all these issues, later developments have focused on making sure that the utility matches the clinical needs [102] . Several designs have focused around the need for quantitative information, and reducing the size to less than one scatter distance has been one successful approach [104] , while others focus on using a ratio of different wavelengths to remove background tissue effects [105] , [106] .
Much of the in vivo spectroscopy of PpIX in brain tumors has been accomplished in Japan [107] - [109] . Ishihara et al. examined surgical biopsy specimens from six histologically confirmed diffusely infiltrating astrocytomas [107] by studying the fluorescence intensity ratios of the PpIX peak at 635 nm to the peak emission intensity of the reflected excitation light. They correlated the intensity ratios to various histological parameters, such as proliferation, microvessel density, and vascular endothelial growth. The authors observed a strong correlation between tumor proliferation and fluorescence intensity ratios (R = 0.929, p < 0.001). Further work by Utsuki et al. examined six patients that did not exhibit macroscopic intraoperative PpIX fluorescence, and found that areas with an amplitude peak at 636 nm contained diffuse astrocytoma tumor cells [109] . This group developed an auditory alert system, where the surgeon would be alerted when the difference in relative intensity between 636 and 632 nm was greater than 500, and used it on six patients with glioblastoma [108] . Using this, all samples with visible macroscopic fluorescence were accurately detected, and three areas without macroscopic fluorescence were found, which were subsequently confirmed as infiltrating tumor regions. This increase in sensitivity to areas that cannot be effectively imaged is the attraction of using some higher sensitivity probe system in vivo or in situ.
A high-resolution, noncontact, multispectral fluorescence imaging system was studied that could detect red Photofrin fluorescence at the tissue surface or up to a 0.5-mm depth [110] . This study was part of a phase III clinical trial using PDT following radical resection of glioblastoma multiforme (GBM). In the study, it was possible to determine minimal levels of Photofrin fluorescence intraoperatively in tissues followed by histologic confirmation. The advantage of the system was high sensitivity for fluorophore levels and that multispectral capability will allow for easy adaptation to other fluorophores, e.g., PpIX and fluorescein.
Although the intraoperative spectroscopic analysis of brain tissues for quantification and qualification of minimal PpIX fluorescence has yet to be clinically accepted, there are advantages over current FGR techniques. With macroscopic fluorescence, the neurosurgeon is capable of resecting the bulk of tumor tissue, but margins with diffusely infiltrating tumor cells are left with less certainty. It is in these diffusely infiltrating areas that intraoperative PpIX spectroscopy should provide neurosurgical guidance for highly sensitive and specific detection of diffusely infiltrating tumor margins.
C. Modified Clinical Surgical Microscope
The first report using intraoperative fluorescence guidance system was demonstrated by , where 46 patients with brain tumors were administered fluorescein sodium and treated under guidance of a yellow-green fluorescence without the use of a modified surgical microscope [55] , [61] . In a similar fashion, in 1982, Murray reported on an experience on 23 patients with grades II-IV astrocytomas, three lymphomas, and three metastatic cancers [55] , and noted that 84.7% of tissues that displayed macroscopic, visible fluorescence under white light illumination were positive for neoplasia and the other 15.3% were necrotic tissue. These two initial experiences using fluorescein for FGR proved to be of value for neurosurgeons in visually identifying neoplastic tissues with an abnormally permeable BBB.
Further work has been carried out in Japan [57] , [58] , [60] , [111] , Turkey [56] , and Germany [53] , [89] using fluorescein for FGR of malignant gliomas and metastatic brain tumors. Kuroiwa et al. developed a modified fluorescein operative microscope with a BP 450-490 nm excitation filter and a Kodak Wratten No. 12 filter to capture the peak emission at 500-530 nm [60] . Fluorescein sodium was administered intravenously with a wait time of 20 min from the moment of injection to the start of resection. The authors treated ten patients with a diagnosis of high-grade glioma and achieved a high rate of complete resection confirmed by postoperative MRI. This initial report showed the utility of this modified fluorescein operative microscope for FGR and intraoperative determination of tumor margins. Additional studies confirmed the value in malignant glioma resection [111] . They once again noted the usefulness of fluroescein for FGR in cases with radiological contrast enhancement on computed tomography (CT) and MRI.
With the discovery of the ALA-PpIX contrast mechanism, Stummer et al. [112] used a modified surgical microscope with a xenon light source that could switch intraoperatively from the standard white light to the excitation violet-blue light mode (375-440 nm). PpIX fluorescence with peaks at 635 and 704 nm was viewed using a 455-nm-long pass filter. This microscope was used in a few modified forms to carry out their institutional trial, and a production scale system was developed by Leica for the phase III studies.
More recently, tunable filters have been used for imaging fluorescence, allowing flexibility in choosing wavelengths for excitation and emission [113] . Systems that integrate intelligent algorithms for multispectral imaging are being developed and evaluated in trials, and will likely take some significant role in the optimal design of a clinical prototype [114] . Fig. 3 shows white light and fluorescence imaging during high-grade glioma tumor resection in a subject in the ongoing Dartmouth trial, using the current version of the Zeiss system. The commercial systems available today are produced by Leica, which are either specifically designed for fluorescence neurosurgery applications or could be used in this capacity for investigator-initiated research trials.
D. Image-Guided Systems
The realm of image guidance during neurosurgery has matured significantly in recent years. Systems that include preoperative MR or CT images can be merged with fluorescence microscopy, and research into this integration is ongoing. The ability to integrate fluorescence tomography with CT and MRI has been demonstrated in pre-clinical work [91] for brain lesion imaging. This type of specialized instrumentation can be extended to human use through the creation of customized interfaces [115] . Optical probes that enhance the visualization of preoperative imaging and colocalized with intraoperative fluorescence imaging are all part of the toolbox that will allow accurate image guidance, once proven clinically viable [79] . Integration of preoperative imaging with intraoperative imaging that provide real-time imaging of the brain structure and with fluorescence guided overlays would be the ideal goal, and such systems are under research development.
VII. CLINICAL TRIALS AND CONSENSUS STUDIES
The rationale for this paper is obvious from the bleak evidence of moderately high incidence with a low survival rate of brain tumors [116] . Malignant gliomas account for approximately 70% of new cases of malignant primary brain tumors in the U.S. [117] . Malignant gliomas are histologically heterogeneous and infiltrating tumors of glial precursor cells that can be divided into two major categories: astrocytomas and oligodendrogliomas [116] - [118] . These tumors are graded on a scale of I-IV based on several histological parameters, e.g., nuclear atypia, mitotic figures, necrosis, etc., which are essential for guidance of treatment and patient prognosis [116] - [118] . GBM is a grade IV glial tumor that accounts for approximately 60%-70% of malignant gliomas, with a 5-year survival rate of 3.3% and median survival of 1 year. This is compared to 5-year survival rates greater than 70% for lower grade gliomas [116] , [117] , [119] . Another important common class of intracranial neoplasms is meningiomas, accounting for 20% of intracranial neoplasms [116] . It is important to note that different brain tumors require different treatment options, with the degree of resection and important prognostic factor in glioblastomas and meningiomas [17] , [116] , [120] - [125] With this complex array of tumor types and wide variation in successful response to therapy, the need for better customized tools is compelling.
A. ALA-PpIX Imaging Consensus Studies
Over the last decade, the largest clinical effort with ALAPpIX was in Germany. Stummer et al. [112] , reported using FGR on ten patients with malignant gliomas, showed that tissue fluorescence had an 85% sensitivity and 100% specificity of predicting the presence of malignancy in tissue biopsies, and was confirmed by spectroscopic analysis. In this study, fluorescence was useful in defining regions with the presence of tumor for high-grade gliomas, but not for low-grade gliomas [112] . These promising results led the German team to perform a prospective study evaluating the influence of FGR on postoperative MRI and patient survival [16] . Sixty-six patients were treated and 52 with a diagnosis of GBM were included in the final analysis. This prospective trial showed a strong relationship between residual intraoperative fluorescence and residual contrast enhancement (CE) on MRI (χ 2 = 10.2, p = 0.0014), and led the authors to conclude that observed survival was significantly dependent on the residual CE on MRI and residual fluorescence. In addition, this study prompted a randomized controlled trial.
The ALA-Glioma Study Group in Germany led a large, randomized controlled, multicenter phase III clinical trial to assess the influence of FGR using ALA-induced PpIX fluorescence on extent of surgical resection, progression free survival, morbidity, and overall survival [17] . Patients were randomly assigned to FGR using ALA or standard white-light-guided resection (WGR), where the primary endpoints of the study were the number of patients without postoperative CE tumor and 6-month progression-free survival. An analysis on 270 patients showed that: 1) complete removal of CE tumor was more frequent in patients undergoing FGR versus WGR (65% versus 36%); 2) progression-free survival, i.e., absence of radiological progression of disease at six months, was higher in patients undergoing FGR versus WGR (41% versus 21%); and 3) there was no difference in frequency of adverse effects between the two groups. Furthermore, it showed that patients with complete tumor resection, i.e., absence of residual CE on postoperative MRI, had a higher overall median survival than those with residual CE on postoperative MRI (17.9 months versus 12.9 moths, p < 0.0001). Subsequent analysis of the data from this phase III trial was performed to adjust for factors that would influence the degree of resection [124] . One major difference between the complete resection (CR) and the incomplete resection (IR) groups was age; more patients in the CR group were younger than the median of 60 years. In the initial analysis, the median survival was greater in the CR than in the IR group (16.7 versus 11.8 months, p < 0.0001), and after adjustment for age, a significant difference between CR and IR was still observed independent of age.
The ALA-Glioma Study Group performed a final reanalysis of the data from the phase III trial using the radiation therapy oncology group-recursive partitioning analysis (RTOG-RPA) criteria to assess whether there was a benefit from extensive resection of tumor [123] . Patients were stratified by resection status (CR versus IR) within RTOG-RPA classes III-V. This analysis showed that patients undergoing CR had a higher survival in the prognostically unfavorable RTOG-RPA classes IV and V than those undergoing IR. The repartitioning of the ALA-Glioma Study Group phase III trial once again showed the significance of CR in treatment of glioblastoma with an increase in survival.
There have been various studies in Japan for the treatment of glioblastomas, anaplastic astrocytomas, and meningiomas [100] , [126] - [131] . Additionally, a one-year experience in Switzerland with 74 patients [132] and an ongoing clinical trial at Dartmouth Hitchcock Medical Center have made use of this technology [133] , [134] . The work in Japan has shed light on the applications and limitations of ALA-induced PpIX fluorescence in FGR. Utsuki et al. performed a histological examination on patients that underwent FGR of glioblastoma or metastatic brain tumors. They reported false positives in malignant gliomas as well as in metastatic brain tumors due to histological signs of neutrophil infiltration, reactive astrocytosis, or macrophage infiltration [127] . Another report by Utsuki et al. described an experience with 11 cases of metastatic brain tumors, of which nine showed PpIX fluorescence. Thirty-one fluorescent samples from the tumor bulk showed the presence of tumor cells, and 25 out of 27 samples with vague fluorescence from the peritumoral area showed edematous brain tissue without tumor cells [127] . In another experience on patients with nonneoplastic lesions, the investigators reported PpIX fluorescence in areas of positive contrast enhancement on MRI that were histologically verified as radiation necrosis and demyelinating disease [135] . Another report also presented a fluorescence-guided endoscopic procedure for the detection of a deeply seated anaplastic astrocytoma displaying strong fluorescence [100] . In addition to providing other multiple uses for PpIX fluorescence in brain disease, these reports highlighted limitations in the lack of tumor specificity of PpIX fluorescence. Nevertheless, these reports provide evidence that PpIX fluorescence localizes to abnormal tissue, whether it is tumor, necrotic, or demyelinating brain tissue. This knowledge should inform surgeons and must be kept in mind when using currently accepted treatments (e.g., FGR for treatment of glioblastomas) or when developing new applications.
Major contributions for the use of ALA-induced PpIX fluorescence in FGR of meningiomas have been made by research groups in Japan [129] , [131] . In a series of 24 patients with meningioma, the PpIX fluorescence sensitivity and specificity for the main tumor were 83% and 100%, respectively. Furthermore, PpIX fluorescence sensitivity and specificity for hypertrophic, nontumorous dura were 100% and 83%, respectively [131] . The authors did not find a strict correlation between proliferation and fluorescence nor was there a relationship between degree of malignancy and fluorescence; whereas studies of astrocytomas have shown that proliferation levels were a significant factor for PpIX fluorescence [107] , [136] . More work remains to further understand the factors that influence PpIX fluorescence in malignant gliomas and meningiomas, but extension of this practical FGR technology has shown promise for maximizing the extent of resection in these tumors [129] , [131] .
A single center, phase III randomized clinical trial was performed using ALA and Photofrin for FGR and repetitive photodynamic therapy (PDT) [137] . Twenty-seven patients were recruited: 14 were assigned ALA and Photofrin FGR followed by repetitive PDT, and 13 were treated with standard neuronavigation and WGR. Survival was significantly increased in the treatment group compared to the control group (52.8 weeks versus 24.6 weeks, p < 0.01). The results from this study are promising, but warrant a larger, multicenter randomized controlled trial to further assess the survival advantage of combined ALA-induced PpIX fluorescence and Photofrin FGR-PDT.
VIII. CONCLUSION
The systems and biomarkers available are a complicated match up; however, neurosurgical guidance of tumor resection is one of the key areas where fluorescence imaging appears to have immediate impact. Part of this is due to the fact that brain tumors have such poor prognosis in general, and any tools to help improve the resection can have immediate short-term benefit on patients lives. However, the brain is a unique organ, where tumor contrast relative to normal brain can be quite high, and fluorescence guidance has benefit, simply as visualized by the surgeon's eye.
A substantial benefit for brain tumor patients will likely come in improved systems to track weak fluorescence signals in areas not well resected using current systems and in tumor subtypes that do not present well with ALA-PpIX fluorescence or vascular marking fluorescence such as fluorescein or ICG.
Improvements in molecular markers taken up in microinvasive disease which allow molecular fingerprinting of tumor will be extremely useful, and promising agents must overcome the financial and regulatory barriers that currently limit their initiation into phase 1 trials.
